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saturated crystal mush, induced by the buildup and subsequent release of gas pressure. 25
Filter pressing is inferred to play a major role in magma fractionation at shallow 26 depths (< 10 km) by moving melt and gas relative to the solid, crystalline framework. 27
However, the magmatic conditions at which this process operates remain poorly 28 constrained. We present novel experimental data that illustrate how the crystal content 29 of the mush affects the ability of gas-driven filter pressing. Hydrous haplogranitic (2.1 30 wt.% water in the melt) and dacitic (4.2 wt.% water in the melt) crystal mushes, 31 exhibiting a wide range of crystallinity (34-80 vol.%), were investigated by in situ, 32 high temperature (500-800 °C) synchrotron X-ray tomographic microscopy with high 33 spatial (3 m/pixel) and temporal resolution (8 sec. per 3D dataset). Our experimental 34 results show that gas-driven filter pressing operates only below the maximum packing 35 of bubbles and crystals (~74 vol.%). Above this threshold, the mush tends to fracture. 36 Therefore, the efficiency of gas-driven filter pressing is promoted close to the 37 percolation threshold and when the mush inflates slowly relative to build-up of 38 pressure and expulsion of melt. Such observations offer a likely explanation for the 39 production of eruptible, crystal-poor magmas within the Earth's crust. The starting materials have bubble volume fractions () ≤ 0.01 and some 72 heterogeneity in the crystal distribution (mean size of 68 m); however, neither 73 crystallisation nor melting of crystals occurred during heating (i.e.  was constant 74 throughout). We do not simulate Crystallisationcrystallisation-driven gas exsolution 75 per se was not simulated in our tests; rather the different  bracketed the crystallinities 76 occurring in natural gas-saturated mushes. The limited attenuation contrast between 77 crystals and melt was maximised by edge-enhancement and post-acquisition phase 78 retrieval. Technical details are reported in the Data Repository. 79
The haplogranites and dacites have the same initial melt viscosity ( melt < 1.3 80 Pa·s). Preferential bubble nucleation on the crystal phases is not expected in either 81 system, as SiO 2 -rich melts are the wetting phase (Laporte, 1994, Hurwitz and Navon, 82 1994 ). Although both systems should not crystallise during the experiments, 83 cChemical differences between the samples (e.g. SiO 2 content, initial H 2 O content) 84 could may affect the physical behaviour of bubble nucleation and growth during T 85 increase to 800 °C. , but wWe do not assume both systems should have the same 86 physico-chemical behaviour: rather we test which allows gas-driven filter pressing. 87
Sequential 3D images provided a 4D (3D + time) record of bubble growth and 88 microstructure evolution for each T and  as the samples were heated step-wise (25 °C 89 steps with a heating rate of 2 °C/s) between 500 475 °C (below the glass transition) 90 and 800 °C. Heating steps were initiated at 475 °C (below the glass transition); 91 isothermal, and conditions were maintained for 3.5 minutes before heating at each 92 temperatureto the next T. Real-time visual inspection showed negligible bubble 93 growth by the end of each T step. S, but samples did not achieve perfect textural 94 equilibrium conditions of vesiculation at a given each T; . howeverHowever, gas-95 At the spatial resolution of our experiments no heterogeneous bubble 109 nucleation is observed. It is expected that a film of melt is always present between 110 bubbles and crystals, since SiO 2 -rich melts are a wetting phase (Laporte, 1994) , and 111 corundum and quartz crystals are inefficient sites for bubble nucleation (Hurwitz and 112 Navon, 1994) . Fractures are generated during vesiculation, and no formation or 113 healing of fractures is observed during cooling after experiments. 114
In the haplogranitic samples there is no evidence for gas-driven filter pressing. From these behaviours we Here we define a the "ductile regime": when the 140 sample undergoes inflation during vesiculation, and a the "brittle regime": when the 141 sample fractures during vesiculation (with or without inflation). The mechanical 142 evolution of both regimes during vesiculation can be described as a function of  and 143 . At  = 0.5-0.7 (the target crystallinities of this study), with the ductile to brittle
GAS EXTRACTION EFFICIENCY AND MELT VISCOSITY 147
The KFT analysis performed on the dacite samples that showed gas-driven 148 filter pressing, supports the microstructural observations. In this system, The H 2 O 149 exsolution, and therefore  melt in all samples should be the same is constant for a and/or be released as low-volume "silent" emission. These two processes may be 210 operating simultaneously. 211
DISCUSSION AND CONCLUSIONS 212
Our in situ X-ray tomographic microscopy data reveal that gas-driven filter 213 pressing operates only when bulk sample expansion occurs without fracturing or the 214 development of gas permeable pore networks. The gas-driven filter pressing process 215 appears to be most efficient in crystal mushes (0.5 ≤≤), a minimum of ~ 3 wt.% 216 remains contents > 2 wt.%, and more rapidly but more rapidly at H 2 O contents at < 2 241 wt.% (Giordano et al., 2008) , and can be estimated using the KFT and tomography 242 data (Pistone et al., 2012) (Figure 3B ), up the point of (Giordano et al., 2008) . Where 243 bubbles coalescence is the dominant mechanism (≤ 0.5), the increase of  melt due to 244 H 2 O loss is more important than its decrease due to higher T ( Figure 3B ). Indeed,  melt 245 increases more distinctly when the residual H 2 O dissolved in the melt is < 2 wt.%. 246
The same  melt is expected to occur at  ≥ 0.6; however, the bulk H 2 O (i.e. dissolved 247 H 2 O in the melt + exsolved gas bubbles) in the system remains in excess of 2 wt.% 248 due to the incapacity of the system to outgas in presence of a continuous crystal 249 network. After the brittle onsetfailure when the , samples enter into the Mohr-250
Coulomb regime where  melt is meaningless ( Figure 3B ). The equation: 251 Due to their initial low H 2 O content in the melt (2.1 wt.%), the haplogranitic systems 252 reach failure even at ≤ 0.47 without experiencing substantial gas-driven filter 253 pressing, although it may be possible that with slower heating rates gas-driven filter 254 pressing can be achieved. Conversely, the H 2 O-rich (4.2 wt.%) dacitic systems have 255  melt that allows gas-driven filter pressing. This suggests that, at equivalent rates of 256 volatile exsolution (i.e. relatively fast T-t paths simulating rapid crystallisation and 257 vesiculation in natural systems) as simulated in our experiments, gas-driven filter 258 pressing might only be effective if the residual melt achieves a sufficiently low  melt to 259 prevent fracturing of the mush during gas exsolution, but nonetheless maintains a 260 sufficiently high  melt to allow for gas pressure build-up and to expel melt from the 261 crystal framework. Based on our results, the minimum H 2 O content in the silicic melt 262 that allows gas-driven filter pressing to be effective in crystal mushes (≥ 0.5) is ~ 3 263 wt.% ( Figure 3B ). In addition, elevated pressure (< 1.5 GPa) leads to a reduction in 264 probably represent the optimal conditions of efficient gas-driven filter pressing to 267 promote melt segregation from shallow plutonic mushes (< 10 km). 268
To assess gas-driven filter pressing as a mechanism of melt extraction from shallow 269 crystal mushes, the operating window controlled by melt permeability () and crystal 270 mush expansion rates that permit inflation without fracture needs to be constrained. 271
Extraction of silicic melts from a mush depends on , which is a function of melt where is the gas pressure gradient. To maintain a gas pressure gradient ( ) at a 286 value necessary sufficient to expel melt, the region of magma undergoing gas 287 exsolution must inflateion must be slower than ly relative to the rates at which it 288 crystallises crystallisation and and exsolves gas exsolution (Sisson and Bacon, 1999) . 2) resulting in melt segregation and formation of overlying crystal-poor silicic melt 307 caps. However, gas-driven filter pressing in a mush can only be effective where 308 crystallisation and volatile exsolution occur sufficiently rapidly to establish maintain a 309
